Rigid and directional arylethynyl scaffolds have been widely successful across diverse areas of chemistry. Utilizing this platform, we present three new structures of a dicationic 1,3-bis(4-ethynyl-3-iodopyridinium)-benzene halogen bonding receptor with tetrafluoroborate, nitrate, and hydrogen sulfate. Structural analysis focused on the receptor conformation, anion shape, solvation, and long range packing of these systems. Coupled with our previously reported structures, we concluded that anions can be classified as building units within this family of halogen bonding receptors. Two kinds of antiparallel dimers were observed for these dicationic receptors. An off-centered species was most frequent, present among geometrically diverse anions and assorted receptor conformations. In contrast, the centered antiparallel dimers were observed with receptors adopting a bidentate conformation in the solid-state. While anions support the solid-state formation of dimers, the molecular geometry and characteristics (planarity, rigidity, and directionality) of arylethynyl systems increase the likelihood of dimer formation by limiting efficient packing arrangements. The significantly larger cation may have considerable influence on the solid-state packing, as similar cationic arylethynyl systems also display these dimers.
Introduction
The supramolecular chemistry of anions has been of considerable interest in the past few decades, largely motivated by environmental and health concerns [1] [2] [3] [4] [5] . Additionally, supramolecular chemists have used anions as templates to synthesize higher order structures in solution [6] . As a natural extension, crystal engineers have also explored anions as building components for the construction of multicomponent crystals [7] . These crystalline materials, which contain two or more individual molecular components, frequently exhibit altered physiochemical properties compared to the individual components [8] [9] [10] , highlighting their value to many industries. As interest in multicomponent solids has increased, the need for more specific classifications has grown, resulting in (currently) conflicting nomenclature [11] [12] [13] . Forgoing terminology discussions, the use of formal charges to build multicomponent solids is an appealing tactic, as charge balance necessitates the presence of two molecular entities (unless zwitterionic in nature). The synthesis of charged species is obtained in various ways, the most common being acid-base proton transfer. A common example is the combination of carboxylic acids and amines, which produces a robust charge assisted hydrogen bond synthons through the formation of strong hydrogen bond donors (ammonium) and acceptors (carboxylate). This tactic has led to the development of guidelines predicting proton transfer upon crystallization based on tectons. This approach is common in the pharmaceutical industry where many drugs are sold as the hydrochloride species [14] . Alternatively, alkylation of Lewis basic sites (e.g. quaternization of amines) also produces charged components, frequently with inorganic anions. Alkylation, unlike proton transfer, does not guarantee the generation of a strong hydrogen bond donor. However, alkylation can enhance nearby hydrogen bond donors, and can significantly augment halogen bond strength [15, 16] .
The halogen bond is an attractive and highly directional (C-X···LB angle > 150°, LB = Lewis Base, X = halogen) noncovalent interaction between a polarizable electron-deficient halogen and an electron rich Lewis base [17] . Since its revival in the early 2000s [14] , the halogen bond has been employed in diverse applications in chemistry [18] [19] [20] and biochemistry [21, 22] . The linearity of the halogen bond has led to selective anion binding [18] , organocatalysis [23] [24] [25] , and self-assembly [26] [27] [28] [29] [30] . This directionality can also lead to more predictable solid-state structures with anions, and has been a topic of review [31, 32] .
Using inorganic anions as crystal engineering building blocks presents unique opportunities and challenges [7] . First, the high charge density and defined shape make them desirable tectons with strong and (fairly) predictable contacts with Lewis acids. On the other hand, the high charge density elicits strong solvation, complicating solvent removal during crystallization and resulting in undesirable solvates. Additionally, inorganic anions are often multidentate Lewis acid acceptors, which can complicate designs. Despite these difficulties, the extensive field of anion supramolecular chemistry offers a wealth of data to analyze. Frequently solid-state studies are complementary to solution data, resulting in analysis of binding modes, host-guest stoichiometry, and noncovalent contact parameters to quantify interaction strength. Analysis of anion interactions and subsequent packing from a crystal engineering standpoint is less common.
Arylethynyl scaffolds have been successfully used in various supramolecular chemistry fields, including coordination complexes and host-guest systems [33] [34] [35] . The rigidity and directionality afforded by the alkyne bond makes it a favorable structure to build upon. Although directional, alkynes exhibit conformational flexibility due to their low rotational barrier. For example, our 1,3bis(4-ethynyl-3-iodopyridinium)-benzene system readily adopts three planar conformations as shown in Scheme 1. Inspired by the rich history of these systems, and our interest in halogen bonding, we combined the two to produce the first bis-ethynyl bidentate pyridinium halogen bonding receptors [36] .
Leveraging the directionality of the halogen bond, we produced bidentate halogen bond anion receptors [36] [37] [38] as well as extended halogen bond oligomers that self-assemble around iodide and bromide to form triple-helicates [29, 30] . Building on this initial work, a second-generation bidentate system introduced the hydrogen bond-enhanced halogen bond as a method to preorganize the conformationally flexible arylethynyl receptor as well as augment the halogen bond [39] . With a primary focus on halogen bonding in the solution phase, the interplay between cation and anion on the solid-state packing of these bidentate systems was largely overlooked from a crystal engineering standpoint. Herein, we report three new structures of the dicationic 1,3-bis(4-ethynyl-3iodopyridinium)-benzene system, with tetrafluoroborate, nitrate, and hydrogen sulfate. Structural evaluation of these crystals focuses on receptor conformation, anion shape, solvation, and long range packing of these systems. The discussion is expanded to include previously reported structures to identify the common packing features of this family of compounds. Leveraging the directionality of the halogen bond, we produced bidentate halogen bond anion receptors [36] [37] [38] as well as extended halogen bond oligomers that self-assemble around iodide and bromide to form triple-helicates [29, 30] . Building on this initial work, a second-generation bidentate system introduced the hydrogen bond-enhanced halogen bond as a method to preorganize the conformationally flexible arylethynyl receptor as well as augment the halogen bond [39] . With a primary focus on halogen bonding in the solution phase, the interplay between cation and anion on the solid-state packing of these bidentate systems was largely overlooked from a crystal engineering standpoint. Herein, we report three new structures of the dicationic 1,3-bis(4-ethynyl-3-iodopyridinium)-benzene system, with tetrafluoroborate, nitrate, and hydrogen sulfate. Structural evaluation of these crystals focuses on receptor conformation, anion shape, solvation, and long range packing of these systems. The discussion is expanded to include previously reported structures to identify the common packing features of this family of compounds.
Materials and Methods

Synthesis
The synthesis of 1,3-bis(4-ethynyl-3-iodopyridinium)-benzene scaffolds and the neutral parent compounds have been previously reported [36] . 1 was synthesized with a small modification as methylation of the neutral species was carried out using trimethyloxonium tetrafluoroborate rather than methyl triflate (Scheme 2). The crystal structure of 2 was produced by adding tetra-n-butylammonium nitrate to a solution of 1. Similarly, 3 was produced by adding tetra-n-butylammonium hydrogen sulfate to the previously reported 4 [36] . For individual crystal growth conditions see the Results and Discussion sections. Scheme 1. ChemDraw representations of the three planar conformations obtained by rotating about the alkyne bonds: the bidentate conformation (left), the S conformation (middle), and the W conformation (right).
Materials and Methods
Synthesis
The synthesis of 1,3-bis(4-ethynyl-3-iodopyridinium)-benzene scaffolds and the neutral parent compounds have been previously reported [36] . 1 was synthesized with a small modification as methylation of the neutral species was carried out using trimethyloxonium tetrafluoroborate rather than methyl triflate (Scheme 2). The crystal structure of 2 was produced by adding tetra-nbutylammonium nitrate to a solution of 1. Similarly, 3 was produced by adding tetra-nbutylammonium hydrogen sulfate to the previously reported 4 [36] . For individual crystal growth conditions see the Results and Discussion sections.
Synthesis of (1) In a round bottom flask, trimethyloxonium tetrafluoroborate 0.139 grams (0.939 mmol, 2.5 mol eq.) was dissolved in 5 mL dichloromethane under dry nitrogen gas. In a separate round bottom flask, 0.200 grams (0.375 mmol, 1 mol eq.) of neutral starting material was dissolved in 5 mL dichloromethane under nitrogen gas. The neutral receptor solution was added to the trimethyloxonium tetrafluoroborate solution dropwise at room temperature. Once fully added, the solution was stirred for 48 h. An off-white precipitate formed that was filtered off and washed with dichloromethane. The material was then used to grow crystals without further purification or characterization. Scheme 2. Synthesis of 1 including the numbering scheme of other complexes. Synthesis of 2, and 3 are described in the text, while synthesis of 4 and the neutral starting compound was reported previously [36] .
Data Collection and Refinement
X-ray diffraction data for 1 and 2 were collected at 100 K and 3•MeOH at 150 K. Data for all structures were collected on a Bruker D8 Venture using MoΚα-radiation (λ = 0.71073 Å). Data have been corrected for absorption using the SADABS [40] area detector absorption correction program. Using Olex2 [41] , the structures were solved with the SHELXT [42] structure solution program using direct methods and refined with the SHELXL [43] refinement package using least squares minimization. All non-hydrogen atoms were refined with anisotropic thermal parameters. Calculations and refinement of the structures were carried out using APEX2 [44] , SHELXTL [45] , and Olex2 software. The details of the individual structure refinement are summarized below, while key crystal details and structure parameters are shown in Table 1 . Images with atomic numbering schemes can be found in the Supplementary Materials (Figures S1-S3).
1-Hydrogen atoms in the investigated structure were placed in geometrically calculated positions and refined using a riding model. Isotropic thermal parameters of all hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups).
Synthesis of (1)
In a round bottom flask, trimethyloxonium tetrafluoroborate 0.139 grams (0.939 mmol, 2.5 mol eq.) was dissolved in 5 mL dichloromethane under dry nitrogen gas. In a separate round bottom flask, 0.200 grams (0.375 mmol, 1 mol eq.) of neutral starting material was dissolved in 5 mL dichloromethane under nitrogen gas. The neutral receptor solution was added to the trimethyloxonium tetrafluoroborate solution dropwise at room temperature. Once fully added, the solution was stirred for 48 h. An off-white precipitate formed that was filtered off and washed with dichloromethane. The material was then used to grow crystals without further purification or characterization.
Data Collection and Refinement
X-ray diffraction data for 1 and 2 were collected at 100 K and 3•MeOH at 150 K. Data for all structures were collected on a Bruker D8 Venture using MoKα-radiation (λ = 0.71073 Å). Data have been corrected for absorption using the SADABS [40] area detector absorption correction program. Using Olex2 [41] , the structures were solved with the SHELXT [42] structure solution program using direct methods and refined with the SHELXL [43] refinement package using least squares minimization. All non-hydrogen atoms were refined with anisotropic thermal parameters. Calculations and refinement of the structures were carried out using APEX2 [44] , SHELXTL [45] , and Olex2 software. The details of the individual structure refinement are summarized below, while key crystal details and structure parameters are shown in Table 1 . Images with atomic numbering schemes can be found in the Supplementary Materials (Figures S1-S3). 1-Hydrogen atoms in the investigated structure were placed in geometrically calculated positions and refined using a riding model. Isotropic thermal parameters of all hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups).
2-Hydrogen atoms in the investigated structure were placed in geometrically calculated positions and refined using a riding model. Isotropic thermal parameters of the placed hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups). The hydrogen atoms of both hydrogen sulfate anions were unable to be located from the difference map, therefore the hydrogen atoms on these anions have not been placed. The structure was found to contain indistinguishable solvent molecules residing in voids within the lattice. Attempts at modeling this solvent were not able to produce a suitable model. The SQUEEZE [46] routine within PLATON [47] was utilized to account for the residual, diffuse electron density and the model is refined against these data. A total of 219 electrons per unit cell were corrected for.
3•MeOH-Hydrogen atoms attached to heteroatoms were found from the residual density maps, placed, and refined with isotropic thermal parameters. All other hydrogen atoms were placed in geometrically calculated positions and refined using a riding model. Isotropic thermal parameters of the placed hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups). The hydrogen atom bound to the oxygen of the methanol required both bond distance (DFIX 0.84 0.02) and 1,3 atom distance restraints (DANG 1.85 0.04) to produce a model that was reasonable and stable for refinement. The structure also displays several larger residual electron density peaks all < 1 Å from iodine atoms. These residual electron density peaks are arranged in a symmetrical fashion around the iodine atoms and are attributed to Fourier truncation ripples. Various absorption corrections were assessed; however, elimination of these effects was unsuccessful.
CCDC 1936528-1936530 contain the crystallographic data for 1, 3•MeOH, and 2, respectively. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/cgi-bin/catreq.cgi, or from Crystals 2019, 9, 522 5 of 15 the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)-1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
Cambridge Structural Database (CSD) Search
ConQuest [48] (version 2.0.1) was used to collect and measure contact data from the CSD [49] (version 5.40 updates through Nov 2019) for halogen bonds to organic fluorine and boron atoms. Halogen bond donor atoms were restricted to iodine and bromine. To examine organic halogen bond donor species, these donors were restricted to having one bound atom (carbon). Halogen bond distances and angles were restricted to ≤ vdW radii and 150.0-180.0 • . The search was limited to strictly organic structures to eliminate any possible influence of well-defined metal coordination geometries. No restrictions on disorder or R value were implemented to augment the small data set.
Computational Analysis
Crystal Explorer [50] (Version 3.1) was utilized to generate Hirshfeld surface [51, 52] maps.
Reporting Halogen Bond Contacts
Halogen bond contacts are frequently quantified by the contact distance to a Lewis base. This is often reported as a percentage of the van der Walls radii or as a ratio. The ratio has been given various names such as the halogen bond interaction ratio, normalized interaction distance, or reduction ratio. The ratio is defined as R XA = dXA/(X vdW + A vdW ), where dXA is the measured distance (Å) from the halogen donor (X) and the acceptor (A), divided by the sum of the van der Walls radii (Å) of X and A. The ratio notation R XA further informs the reader as X is replaced with the atomic symbol of the halogen bond donor while the A denotes the atomic symbol of the halogen bond acceptor atom. Smaller ratio values indicate strong halogen bond interactions. Van der Walls radii that were used were taken from Alvarez [53] .
Results
Structural Analysis of New Crystals
Analysis of 1
Diffraction quality crystals of 1 were grown by slow evaporation of an acetonitrile solution of 1, producing colorless plates. The complex crystalizes in the space group P2 1 /c with one receptor, and two tetrafluoroborate anions. The receptor adopts the bidentate conformation (Scheme 1) and halogen bonds to a tetrafluoroborate anion. The iodine donors form contact with two distinct fluorine atoms with distances and angles of C-I···F (I2···F1) 3.100 (8) Table 2) . To our knowledge, discussions of boron halogen bond acceptors have been minimal, and limited to in silico studies [57, 58] . The geometrical solid-state definition of a halogen bond implies its presence in 1. However, boron halogen bond acceptors (based on the criteria stated in the Methods section) are rare, as a search of the CSD indicates few (37 structures) examples with organic iodine and bromine donors. Of these structures, 20 exhibited halogen bonding to both boron and fluorine. This suggests that most of the boron-halogen contacts, in the database, arise due to close juxtaposition of fluorine acceptors and boron atoms. Structure 1 highlights this idea as the iodine···fluorine contact is shorter and more linear than the iodine···boron contact ( Table 2 C-I···F (I2···F1) and C-I···B (I2···B1)). Simply put, the contact observed between the iodine and boron in 1 is a consequence of the halogen bond to the fluorine, the proximity of the boron atom, and close crystal packing. This demonstrates that just because structural parameters suggest a contact, it does not necessarily constitute an attractive noncovalent interaction. Table 2 . Halogen bond parameters for reported structures.
Compound
Interaction
3.767 (13) Another uncommon contact in 1 involves the boron atom of the tetrafluoroborate. Here, an iodine donor contacts a boron with structural parameters of C-I···B (I2•••B1) 3.767(13) Å (RIB 0.95367) 164.1(3)° ( Table 2) . To our knowledge, discussions of boron halogen bond acceptors have been minimal, and limited to in silico studies [57, 58] . The geometrical solid-state definition of a halogen bond implies its presence in 1. However, boron halogen bond acceptors (based on the criteria stated in the Methods section) are rare, as a search of the CSD indicates few (37 structures) examples with organic iodine and bromine donors. Of these structures, 20 exhibited halogen bonding to both boron and fluorine. This suggests that most of the boron-halogen contacts, in the database, arise due to close juxtaposition of fluorine acceptors and boron atoms. Structure 1 highlights this idea as the iodine···fluorine contact is shorter and more linear than the iodine···boron contact ( The other tetrafluoroborate anion of 1 is located outside the bidentate binding pocket and exhibits disorder that was modeled over two positions (approx. 84:16). The principle position of the anion accepts two C-H hydrogen bonds, with a C-H···F distances and angles of 2.342(15) Å 176.6(8) • and 2.312(7) Å 161.8(6) • . Planes generated by the pyridinium rings deviate with respect to the central benzene plane by 11.33 • and 13.17 • . The distortion is likely a consequence of the centered antiparallel dimer (Figure 1) . Here a C-H hydrogen bond from the central benzene core forms with a fluorine of the Crystals 2019, 9, 522 7 of 15 tetrafluoroborate in the bidentate pocket with a C-H···F distance and angle of 2.297(9) Å and 170.5(6) • . Columns of these dimers propagate in the crystallographic a direction, while adjacent columns arrange in a herringbone manner (Figure 2) , both of which are held together by C-H hydrogen bonds and anion-arene contacts between the receptor and the tetrafluoroborate anions. Hirshfeld surface analysis highlights the prevalence of the C-H hydrogen bond contacts (Figure 2 ). The hydrogen bonds (C-H···F) range in distance from 2.29 Å to 2.49 Å with angles from 170 • to 131 • while close anion-arene contacts are 2.858(12) Å (C1···F2) and 2.939(13)Å (C20···F5). 1 is isostructural with that of the previously reported perrhenate structure [36] . Perrhenate is also a charge diffuse tetrahedral anion, suggesting that the shape of the anion dictates the packing. Closer comparison of these structures highlights the influence of subtle changes in anion size. The larger perrhenate anion results in a more planar receptor, as planes generated by the pyridinium rings deviate with respect to the central core benzene plane by only 7.31 • and 5.51 • . This is in stark comparison to the structure of 2, where the tetrahedral like hydrogen sulfate results in a unique assembly of cation and anions. while close anion-arene contacts are 2.858(12) Å (C1···F2) and 2.939(13)Å (C20···F5). 1 is isostructural with that of the previously reported perrhenate structure [36] . Perrhenate is also a charge diffuse tetrahedral anion, suggesting that the shape of the anion dictates the packing. Closer comparison of these structures highlights the influence of subtle changes in anion size. The larger perrhenate anion results in a more planar receptor, as planes generated by the pyridinium rings deviate with respect to the central core benzene plane by only 7.31° and 5.51°. This is in stark comparison to the structure of 2, where the tetrahedral like hydrogen sulfate results in a unique assembly of cation and anions. 
Analysis of 2
Diffraction quality crystals of 2 were grown by vapor diffusion of diethyl ether into an acetonitrile/methanol solution of 4 and tetra-n-butylammonium hydrogen sulfate resulting in colorless rods. 2 crystalizes in the I2/a space group with one receptor, and two hydrogen sulfate anions. The receptor adopts the W conformation resulting in two monodentate halogen bond interactions, one to each hydrogen sulfate anion ( Figure 3 
Diffraction quality crystals of 2 were grown by vapor diffusion of diethyl ether into an acetonitrile/methanol solution of 4 and tetra-n-butylammonium hydrogen sulfate resulting in colorless rods. 2 crystalizes in the I2/a space group with one receptor, and two hydrogen sulfate anions. The receptor adopts the W conformation resulting in two monodentate halogen bond interactions, one to each hydrogen sulfate anion ( Figure 3 One of the anions is disordered and is modeled over two sites (approx. 74:26). Unfortunately, the hydrogen atoms on the hydrogen sulfate anions were unable to be located. Contributing to this difficulty are channels of unidentified solvent molecules that propagate in the crystallographic a direction. The packing of receptors results in two types of dimers that also propagate in the crystallographic a direction. A centered parallel dimer is slightly offset and twisted ( Figure 3 ) and is unique to structure 2 as it is not observed in any of the other reported structures. Off-center antiparallel dimers, where the benzene cores are located near pyridinium cores, result in a benzene centroid-pyridinium centroid distance of 3.589(3) Å. The off-centered antiparallel dimer motif is widely observed in our other reported 1,3-bis(4-ethynyl-3-iodopyridinium)-benzene structures with different anions, triflate (4) thiocyanate (both methanol and dichloromethane solvates), triiodide and chloride (vide infra). Columns of dimers, as well as adjacent columns, are held together by an extensive network of C-H hydrogen bonding and anion-arene contacts with the hydrogen sulfate anions. These contacts are highlighted by evaluating the Hirshfeld surface shown in Figure 4 . The hydrogen bonds (C-H···O) range in distance from 2.28 Å to 2.49 Å with angles from 162 • to 134 • . The closest anion-arene contact is 3.055(6) Å (C1···O4) while the other close contact is 2.891(5) Å from the centroid of a pyridinium ring. clarity.
Diffraction quality crystals of 2 were grown by vapor diffusion of diethyl ether into an acetonitrile/methanol solution of 4 and tetra-n-butylammonium hydrogen sulfate resulting in colorless rods. 2 crystalizes in the I2/a space group with one receptor, and two hydrogen sulfate anions. The receptor adopts the W conformation resulting in two monodentate halogen bond interactions, one to each hydrogen sulfate anion ( Figure 3 One of the anions is disordered and is modeled over two sites (approx. 74:26). Unfortunately, the hydrogen atoms on the hydrogen sulfate anions were unable to be located. Contributing to this difficulty are channels of unidentified solvent molecules that propagate in the crystallographic a direction. The packing of receptors results in two types of dimers that also propagate in the crystallographic a direction. A centered parallel dimer is slightly offset and twisted ( Figure 3 ) and is unique to structure 2 as it is not observed in any of the other reported structures. Off-center antiparallel dimers, where the benzene cores are located near pyridinium cores, result in a benzene centroid-pyridinium centroid distance of 3.589(3) Å. The off-centered antiparallel dimer motif is widely observed in our other reported 1,3-bis(4-ethynyl-3-iodopyridinium)-benzene structures with different anions, triflate (4) thiocyanate (both methanol and dichloromethane solvates), triiodide and chloride (vide infra). Columns of dimers, as well as adjacent columns, are held together by an extensive network of C-H hydrogen bonding and anion-arene contacts with the hydrogen sulfate anions. These contacts are highlighted by evaluating the Hirshfeld surface shown in Figure 4 . The hydrogen bonds (C-H···O) range in distance from 2.28 Å to 2.49 Å with angles from 162° to 134°. The closest anionarene contact is 3.055(6) Å (C1···O4) while the other close contact is 2.891(5) Å from the centroid of a pyridinium ring. (14) °. The nitrate is disordered and modeled over two sites (approx. 75: 25) . The nitrate in the binding pocket is significantly out of planarity with the receptor, which is likely due to favorable C-H hydrogen bonding and anion-arene contacts that the other oxygens make with three other neighboring receptors. The receptor is only slightly more planar than 1, as the angles between planes formed by the pyridiniums and benzene core are 9.91° and 12.05°. The other nitrate interacts with the scaffold through C-H hydrogen bonding and exhibits disorder over two positions (approx. 58:42). This nitrate 
Analysis of 3•MeOH
Diffraction quality crystals of 3•MeOH were grown by vapor diffusion of diethyl ether into an acetonitrile/methanol solution of 1 and tetra-n-butylammonium nitrate, producing colorless rods. (14) • . The nitrate is disordered and modeled over two sites (approx. 75: 25) . The nitrate in the binding pocket is significantly out of planarity with the receptor, which is likely due to favorable C-H hydrogen bonding and anion-arene contacts that the other oxygens make with three other neighboring receptors. The receptor is only slightly more planar than 1, as the angles between planes formed by the pyridiniums and benzene core are 9.91 • and 12.05 • . The other nitrate interacts with the scaffold through C-H hydrogen bonding and exhibits disorder over two positions (approx. 58:42) . This nitrate also accepts a hydrogen bond from the methanol, with an O···O (O7···O4) distance of 2.935 (7) Å and an O-H···O angle of 149(6) • (Figure 5 ). Despite the different trigonal planar geometry of the nitrate anion, and the presence of a methanol molecule, the packing features of 3•MeOH and 1 are strikingly similar. The formation of centered antiparallel dimers ( Figure 5 ) were observed and these assembled into columns propagating in the crystallographic a direction. (Figure 6 ). Adjacent columns in 3•MeOH arrange in a lamellar motif whereas columns of 1 adopt a herringbone packing arrangement. The columns of dimers and adjacent columns are held together by a network of C-H hydrogen bonding and anion-arene contacts. The Hirshfeld surface shown in Figure 6 highlights these contacts. The hydrogen bonds (C-H···O) range in distance from 2.31 Å to 2.50 Å with angles from 136° to 168°. The closest anion-arene contacts are found to be 2.883(6) Å (O3···N2) and 2.891(5) Å (O4···N1). upper and lower left) . The upper left image shows a top down view while the bottom left image is from the side, highlighting the convergent halogen bonds to a single oxygen atom. The image to the right highlights the centered antiparallel dimer as viewed down the crystallographic a axis. Thermal ellipsoids drawn at the 50% probability level and anion disorder omitted for clarity.
Despite the different trigonal planar geometry of the nitrate anion, and the presence of a methanol molecule, the packing features of 3•MeOH and 1 are strikingly similar. The formation of centered antiparallel dimers ( Figure 5 ) were observed and these assembled into columns propagating in the crystallographic a direction. (Figure 6 ). Adjacent columns in 3•MeOH arrange in a lamellar motif whereas columns of 1 adopt a herringbone packing arrangement. The columns of dimers and adjacent columns are held together by a network of C-H hydrogen bonding and anion-arene contacts. The Hirshfeld surface shown in Figure 6 highlights these contacts. The hydrogen bonds (C-H···O) range in distance from 2.31 Å to 2.50 Å with angles from 136 • to 168 • . The closest anion-arene contacts are found to be 2.883(6) Å (O3···N2) and 2.891(5) Å (O4···N1). centered antiparallel dimers ( Figure 5 ) were observed and these assembled into columns propagating in the crystallographic a direction. (Figure 6 ). Adjacent columns in 3•MeOH arrange in a lamellar motif whereas columns of 1 adopt a herringbone packing arrangement. The columns of dimers and adjacent columns are held together by a network of C-H hydrogen bonding and anion-arene contacts. The Hirshfeld surface shown in Figure 6 highlights these contacts. The hydrogen bonds (C-H···O) range in distance from 2.31 Å to 2.50 Å with angles from 136° to 168°. The closest anion-arene contacts are found to be 2.883(6) Å (O3···N2) and 2.891(5) Å (O4···N1). 
Influence of Anion on Packing Features
Using guidelines established by Custelcean, the structural role of the anions can be assigned to one or multiple categories; spectator, structure-directing, building unit, and secondary building unit [7] . In this family of halogen bonding systems the anion is found primarily as a building unit, which is defined by Custelcean as the anion that directly participates as a structural component to framework assembly through the formation of well-defined and directional interactions. In the cases outlined, the anions participate in extensive halogen bonding, C-H hydrogen bonding, and anion-arene contacts, supporting the construction of the crystal lattice by linking together individual aryl ethynyl units through well-defined interactions.
In our 1,3-bis(4-ethynyl-3-iodopyridinium)-benzene systems, two types of antiparallel dimers are frequently observed; centered and off-centered. The centered antiparallel dimer, shown in 1 and 3•MeOH (Figures 1 and 5) , is primarily observed in structures adopting the bidentate conformation. The one exception is an S conformation with the thiocyanate anion dichloromethane solvate structure that exhibits both centered and off-centered antiparallel dimers [38] .
A previously reported bidentate chloride structure in this series is solvent free, providing insight into the impact of methanol on the packing [39] . This chloride structure adopts the centered antiparallel dimer, although columns of dimers as in 1 and 3•MeOH, are not present. This is in part due to distortion of the centered antiparallel dimer (Figure 7) , which enables the subsequent formation of an off-centered antiparallel dimer, linking the 'slipped' centered dimers together (Figure 7) . *The reduction ratio is defined as the ratio of the distance measured over the sum of the van der Walls radii. Radii used were obtained from [53] (see Materials and Methods for more details).
Influence of Anion on Packing Features.
Using guidelines established by Custelcean, the structural role of the anions can be assigned to one or multiple categories; spectator, structure-directing, building unit, and secondary building unit [7] . In this family of halogen bonding systems the anion is found primarily as a building unit, which is defined by Custelcean as the anion that directly participates as a structural component to framework assembly through the formation of well-defined and directional interactions. In the cases outlined, the anions participate in extensive halogen bonding, C-H hydrogen bonding, and anionarene contacts, supporting the construction of the crystal lattice by linking together individual aryl ethynyl units through well-defined interactions.
In our 1,3-bis(4-ethynyl-3-iodopyridinium)-benzene systems, two types of antiparallel dimers are frequently observed; centered and off-centered. The centered antiparallel dimer, shown in 1 and 3•MeOH (Figure 1 and Figure 5 ), is primarily observed in structures adopting the bidentate conformation. The one exception is an S conformation with the thiocyanate anion dichloromethane solvate structure that exhibits both centered and off-centered antiparallel dimers [38] .
A previously reported bidentate chloride structure in this series is solvent free, providing insight into the impact of methanol on the packing [39] . This chloride structure adopts the centered antiparallel dimer, although columns of dimers as in 1 and 3•MeOH, are not present. This is in part due to distortion of the centered antiparallel dimer (Figure 7) , which enables the subsequent formation of an off-centered antiparallel dimer, linking the 'slipped' centered dimers together ( Figure  7 ). Another previously reported bidentate species demonstrating the slipped centered antiparallel dimer is a 4•DMF structure [38] . The dimethylformamide resides in the bidentate pocket accepting two halogen bonds and appears to inhibit the formation of a more centered antiparallel dimer due to methyl groups that are unable to accept C-H hydrogen bonds from the dication. In contrast to the chloride species, the packing of 4•DMF results in columns of slipped centered antiparallel receptors propagating in the crystallographic c direction, therefore the off-centered antiparallel dimer is absent. The data suggests that if a bidentate conformation is present, it will be accompanied by a centered antiparallel motif.
The off-centered antiparallel dimer is the most frequently observed dimer; it was present in Another previously reported bidentate species demonstrating the slipped centered antiparallel dimer is a 4•DMF structure [38] . The dimethylformamide resides in the bidentate pocket accepting two halogen bonds and appears to inhibit the formation of a more centered antiparallel dimer due to methyl groups that are unable to accept C-H hydrogen bonds from the dication. In contrast to the chloride species, the packing of 4•DMF results in columns of slipped centered antiparallel receptors propagating in the crystallographic c direction, therefore the off-centered antiparallel dimer is absent. The data suggests that if a bidentate conformation is present, it will be accompanied by a centered antiparallel motif.
The off-centered antiparallel dimer is the most frequently observed dimer; it was present in structures with all three conformations (Scheme 1) as well as with anions of different size and shape. The widespread observance of the antiparallel dimer suggests a favorable arrangement between dimer components and anions. In several cases this dimer is supported by halogen and hydrogen bonding (from separate receptors) with anions spanning the dimer (Figure 8 ). This frequent observation further supports the classification of anions as building units in these crystals. bonding (from separate receptors) with anions spanning the dimer (Figure 8 ). This frequent observation further supports the classification of anions as building units in these crystals. We have identified the packing tendencies of these receptors, yet an alternative explanation for the regularity of dimers could be attributed to molecular shape and close-packing, inspired by the classic concepts and ideas of Kitaigorodskii [59, 60] . These 1,3-bis(4-ethynyl-pyridinium)-benzene receptors are planar, rigid, and directional tectons, which limit efficient packing arrangements and increase the probability of dimer formation. If the dicationic receptor geometry influences dimer formation, other cationic arylethynyl systems should exhibit similar packing features.
Our previously reported 1,3-bis(4-ethynyl-pyridinium)-benzene system with varying degrees of alkylation and protonation all highlight the presence of the off-centered antiparallel species apart from a bis-perrhenate species that contains two dichloromethane molecules [61] . Hydrogen bond based bis(2-anilinoethynyl)pyridinium derivatives evaluated by Berryman et al. occasionally exhibit off-centered antiparallel dimers, despite their relative steric bulkiness [62] . Interestingly, Johnson and coworkers recently investigated a bidentate halogen bonding system inspired by our work. Their 3,5bis((2-iodophenyl)ethynyl)pyridinium scaffolds have a single formal charge and methanesulfonyl groups on the outer aryl units [63] . Here, slipped antiparallel centered and off-centered dimers were observed for bidentate and W conformations, respectively. These dimers are reinforced by C-H hydrogen bonding not to anions, but to oxygens of an adjacent receptor. Two other structures that they reported display the S conformation and result in columns of parallel receptors reinforced by intermolecular XBs from the iodine donor to a methanesulfonyl oxygen. Taken together, we see that small changes in the arylethynyl scaffolds can lead to slightly different packing. However, dimer or slip-stack packing is persistent, suggesting that the larger cation and π-π interactions significantly influence the resulting solid-state packing [64] . Also, the frequency of anions supporting the formation of dimers by accepting contacts from each unit of the dimer highlights its common role as a building unit. As our lab begins to diversify the building blocks of these halogen bond systems, we will continue to evaluate how structural changes of the dication receptor influence the dimer formation of these systems. We have identified the packing tendencies of these receptors, yet an alternative explanation for the regularity of dimers could be attributed to molecular shape and close-packing, inspired by the classic concepts and ideas of Kitaigorodskii [59, 60] . These 1,3-bis(4-ethynyl-pyridinium)-benzene receptors are planar, rigid, and directional tectons, which limit efficient packing arrangements and increase the probability of dimer formation. If the dicationic receptor geometry influences dimer formation, other cationic arylethynyl systems should exhibit similar packing features.
Conclusions
Our previously reported 1,3-bis(4-ethynyl-pyridinium)-benzene system with varying degrees of alkylation and protonation all highlight the presence of the off-centered antiparallel species apart from a bis-perrhenate species that contains two dichloromethane molecules [61] . Hydrogen bond based bis(2-anilinoethynyl)pyridinium derivatives evaluated by Berryman et al. occasionally exhibit off-centered antiparallel dimers, despite their relative steric bulkiness [62] . Interestingly, Johnson and coworkers recently investigated a bidentate halogen bonding system inspired by our work. Their 3,5-bis((2-iodophenyl)ethynyl)pyridinium scaffolds have a single formal charge and methanesulfonyl groups on the outer aryl units [63] . Here, slipped antiparallel centered and off-centered dimers were observed for bidentate and W conformations, respectively. These dimers are reinforced by C-H hydrogen bonding not to anions, but to oxygens of an adjacent receptor. Two other structures that they reported display the S conformation and result in columns of parallel receptors reinforced by intermolecular XBs from the iodine donor to a methanesulfonyl oxygen. Taken together, we see that small changes in the arylethynyl scaffolds can lead to slightly different packing. However, dimer or slip-stack packing is persistent, suggesting that the larger cation and π-π interactions significantly influence the resulting solid-state packing [64] . Also, the frequency of anions supporting the formation of dimers by accepting contacts from each unit of the dimer highlights its common role as a building unit. As our lab begins to diversify the building blocks of these halogen bond systems, we will continue to evaluate how structural changes of the dication receptor influence the dimer formation of these systems.
We have presented three new structures of a dicationic 1,3-bis(4-ethynyl-3-iodopyridinium)benzene halogen bonding receptor with tetrafluoroborate, nitrate, and hydrogen sulfate. Complex 1 adopts a bidentate structure and contains relatively rare halogen bonds to fluorine and boron atoms of a tetrafluoroborate anion. An initial CSD search suggests halogen bonds, by a geometric definition, to boron atoms are rare and likely occur by virtue of proximity to another halogen bond acceptor. Structure 2 adopts the W conformation resulting in a novel centered parallel dimer. 3•MeOH adopts the bidentate conformation and displays centered antiparallel dimers like 1, despite the different anion shape and presence of a solvent molecule. However, differences in packing of 1 and 3•MeOH appear in the arrangement of the dimer columns, where 1 adopts a herringbone arrangement and 3•MeOH resembles a lamellar motif.
The role of the anions in the family of dicationic 1,3-bis(4-ethynyl-3-iodopyridinium)-benzene halogen bonding receptors is primarily as a building unit. Assessment of these structures from a crystal engineering viewpoint has revealed the widespread formation of antiparallel dimers. These dimers can be further categorized into two types: centered and off-centered. The centered species is most often observed when the receptor adopts the bidentate conformation, although a bidentate conformation does not negate the copresence of an off-centered antiparallel dimer as demonstrated by a chloride structure. The off-centered antiparallel dimer is observed with all three planar conformations, and with geometrically diverse anions. Although the anion serves as a building unit in these halogen bond complexes, the molecular shape of the receptors may also influence the packing trends observed. The directionality, rigidity, and favorable planar conformations of aryl ethynyl species can limit efficient packing motifs, conceivably increasing the prospect of dimer formation. As arylethynyl species have enjoyed widespread success in various supramolecular fields, we hope to expand their success in the design of functional multicomponent crystals.
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